consequences of overnutrition and physical inactivity (51, 71) . It has been established that a high body mass index in childhood is associated with a high risk of obesity in adulthood (60) , and it increases the likelihood of developing adult comorbidities such as Type 2 diabetes, osteoarthritis, and cardiovascular disease (23) .
During obesity, adipose tissue is reported to be the origin of systemic low-grade proinflammatory sequelae (7, 27, 58, 66, 75) . Different regional adipose tissue depots are known to exhibit unique transcriptomic and metabolic properties (37) , with visceral adipose tissue (VAT) being associated with the greatest cardiometabolic disease risk (29) . The proinflammatory profile accompanying VAT expansion is thought to largely exacerbate the progression of cardiometabolic disorders (14) , not limited to but including insulin resistance (19, 29, 61) . VAT can be divided into three distinct depots: mesenteric, retroperitoneal, and omental adipose tissue (OMAT) (65) . Compared with subcutaneous adipose tissue, OMAT has a greater effect on whole body pathology, as it is associated with pathologies of hepatic fibroinflammatory lesions in obese humans (11) and oversecretion of adipokines linked to cardiovascular or metabolic comorbidities (48, 54) .
The aforementioned studies have been conducted in adult humans. A limited number of studies have investigated adipose growth in children reporting a dynamic interaction between extracellular matrix remodeling and immune cells at an early age (63) and infiltration of immune cells into subcutaneous adipose in some (59) but perhaps not all (63) children. However, there still exists a paucity of data describing the molecular changes associated with visceral obesity in juveniles, and this lack in understanding is due, in large part, to insufficient availability of tissues from lean and obese children.
Ossabaw swine possess a "thrifty gene" phenotype (39) as well as a propensity to store fat when given access to excess calories. Feeding Ossabaw swine excess calories also causes the development of classic indicators of the metabolic syndrome, including obesity, insulin resistance, glucose intoler-ance, and dyslipidemia (8, 15, 52) . Thus, given their physiological similarities with humans (43, 67) , as well as their propensity to develop diet-induced obesity, studying the tissues of juvenile Ossabaw swine under hypercaloric conditions provides a good model of studying childhood obesity. The current study employed RNA sequencing (RNA-seq) to evaluate the transcriptomic differences that exist within the OMAT of lean and obese juvenile Ossabaw swine.
Next-generation RNA-seq is a relatively new and powerful tool used to understand complex transcriptomes. Unlike microarray methods that can produce high background with cross-hybridization or other sequence-based approaches (i.e., SAGE, CAGE, MPSS), which have technical limitations with regards to transcriptomic mapping (70) , it has been suggested that RNA-seq data are highly reproducible, can detect low abundance mRNAs, and can generate millions of reads per sample that can be efficiently mapped to the organism's respective transcriptome (46, 49) . Furthermore, RNA-seq is an unbiased and holistic approach to determine differentially expressed mRNAs between experimental conditions and, similar to other high-throughput assays, can be invaluable in unveiling novel and unpredicted mechanisms (25, 41) .
The aim of the present study was to identify novel transcripts in OMAT that are altered during the development of obesity. We hypothesized that an increased adiposity and proinflammatory events would be evident in the adipose tissue of our obese juvenile pigs. To this end, we carried out RNA-seq and compared OMAT transcriptomic differences between Western diet-induced obese and lean juvenile Ossabaw swine. Then, to better understand the functional implications, we performed bioinformatics analyses using Ingenuity Pathway Analysis (IPA), DAVID, and Gene Ontology (GO) to identify pathways and networks that differ between obese and lean juvenile swine and provide additional hypotheses that may explain the transcriptomic signature in this swine model of childhood obesity.
METHODS
Animals and diet. All experimental procedures described herein were approved by the Animal Care and Use Committee at the University of Missouri. Animal care procedures have been previously described, and a portion of the animal characteristics data has been previously published (55) . In brief, juvenile (5-6 wk old) female Ossabaw swine (n ϭ 12) were generously obtained from Michael Sturek, Ph.D., in the Ossabaw Swine Resource, Comparative Medicine Program at Purdue University and Indiana University School of Medicine (IUSM) and individually housed under temperature-controlled conditions (20 -23°C) with a 12 h/12 h light-dark cycle. Animals were randomly assigned to one of two experimental groups, a lean group fed a commercially available chow [5L80, Lab Diet; 3.03 kcal/g-10.5%, 71%, and 18.5% by energy for fat, carbohydrate, and protein, respectively; (n ϭ 6)] or an obese group fed a high-fat/highcalorie diet [5B4L, Lab Diet; 4.14 kcal/g-43%, 40.8%, and 16.2% by energy for fat, carbohydrate, and protein, respectively, including 17.8% high fructose corn syrup; (n ϭ 6)]. After 16 wk on diet (22 wk of age), body composition was measured via dual-energy X-ray absorptiometry (Hologic QDR-1000). Following body composition analyses, pigs were euthanized following an 18 -20 h fast. Blood for serum analyses was collected via jugular vein access and OMAT was collected, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until RNA extraction or formalin-fixed for histological analyses. The OMAT depot collected for these studies was located next to the stomach and spleen of the pigs and was visually more abundant in the obese pigs compared with the lean.
Serum cytokine concentration determination. Serum from fasting animals were assayed in duplicate for concentrations of granulocyte macrophage-colony stimulating factor, interferon gamma, interleukin 1 alpha (IL-1␣), interleukin 1 beta (IL-1␤), interleukin 1 receptor antagonist alpha (IL-1R-␣), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12,  IL-18 , and tumor necrosis factor alpha (TNF-␣) using a porcine specific multiplex cytokine/chemokine assay (cat. no. PCYTMAG-23K; Millipore Milliplex, Billerica, MA) on a MAGPIX instrument (Luminex; Luminex Technologies, Austin, TX) according to the manufacturer's instructions.
OMAT RNA extraction and preparation. RNA isolation was performed by a modified method from Amstalden et al. (1) . Frozen tissues were pulverized with a liquid nitrogen-cooled mortar and pestle, and ϳ600 mg of powder was placed in 3 ml of working reagent (denaturing solution: 293 ml DEPC H 2O, 17.6 ml of 0.75 M sodium citrate pH 7.0, 26.4 ml of 10% Sarkosyl, and 250 g guanidine thiocynanate ϩ 7 l of 2-mercaptoethanol/ml denaturing solution). Tissues were homogenized on ice and centrifuged at 4,000 g at 4°C for 15 min. The supernatant was removed, and RNA was extracted with QIAzol Lysis Reagent/Chloroform and vortexed thoroughly for ϳ1 min. Samples were centrifuged at 17,000 g for 30 min at 4°C, and the aqueous phase was saved. To the aqueous phase 300 l of sodium acetate (3 M, pH 4.5) and 1 vol 5:1 QIAzol Lysis Reagent/Chloroform was added and mixed. Samples were centrifuged at 17,000 g for 30 min at 4°C; 1 vol of 2-propanol was added to the aqueous phase and placed at Ϫ20°C overnight. Samples were centrifuged at 13,900 g for 20 min at 4°C, and the supernatant was discarded. To the pellet, 500 l of 75% EtOH was added, the sample was centrifuged at 17,000 g for 10 min at 4°C, and the supernatant was discarded. Finally, 32 l of DEPC H 2O was added; samples were heated to 37°C for 10 min and vortexed to dissolve the pellet. RNA purity and concentrations were determined with a NanoDrop 1000 spectrophotometer (Thermo Scientific). Samples were diluted to 100 ng/l and sent to the University of Missouri-Columbia DNA Core for RNA sequencing preparation and execution.
RNA sequencing. RNA-seq procedures were performed as previously described (56) . Briefly, RNA integrity for all samples was confirmed with the BioAnalyzer 2100 automated electrophoresis system (Bio-Rad, Hercules, CA) preceding cDNA library construction. RNA-seq preparation, including cDNA library construction, was carried out at the University of Missouri DNA Core following manufacturer's protocol using the Illumina TruSeq RNA sample preparation kit v2. Poly-A containing mRNA was isolated from 2 g of total RNA, RNA fragmentation was carried out, and double-stranded cDNA was produced from fragmented RNA. Lastly, identifier adaptors were ligated to the ends for identification purposes. The final construct of each purified library was evaluated with the BioAnalyzer 2100 automated electrophoresis system, quantified, and diluted in accordance with Illumina's protocol for HiSeq 2000.
RNA-seq data acquisition was carried out at the University of Missouri DNA Core, and following this, adaptor sequences were trimmed. NextGENe v1.92 (SoftGenetics, State College, PA) was used, and the resulting sequences were aligned to a custom reference file.
Reference assembly. Publically available expressed sequence tags, Ensemble transcripts, and National Center for Biotechnology Information reference sequences were assembled using Cap3 to produce a public reference file. Each sequence in the public file was truncated by 80 bases on each end and used to filter the Experimental Illumina data. Reads that did not align to the truncated public file were assembled de novo using NextGENe v1.92. The resulting contigs were amended to the full-length public reference file and assembled using Cap3. The resulting file contained contigs from all mRNA sources available at the time including this experiment. The sequences in this file represent full-length mRNAs and mRNA fragments. The fragments are generated when insufficient data are present to create overlaps. As a result, many genes are represented multiple times as independent, nonover-lapping fragments. As a general rule, fragments that could not be annotated represented first or last exons that were not annotated in the porcine genome build, were not found in public references, and were not sufficiency homologous to the human genome in these noncoding regions to be annotated by homology.
RNA-seq data analysis: bioinformatics of differentially expressed genes (reads per kilobase per million reads Ͼ2) between lean and obese pigs. The decision-making process for RNA-seq data analysis was as follows. Within each condition, reads per million (RPM) means were calculated for each biological replicate (n ϭ 6 lean and n ϭ 6 obese). A 95% confidence interval was then generated around the mean number of reads in an attempt to identify mRNAs for each condition that were statistically greater than zero. Reads per kilobase per million reads (RPKM) mean values were then calculated for each mRNA in obese and lean conditions, and all transcript group means with a RPKM value Ͻ 2.0 were removed from further analyses. Obese and lean RPKM values were subsequently used to generate differential gene expression patterns and a t-test for obese/lean fold-change values ՆϮ1.5-fold was performed. Between-group differences were found to exist on per-gene basis between-groups after retaining all mRNAs with false discovery rates Ͻ 0.10. Transcripts that met these thresholds were entered into IPA (Ingenuity Systems, Redwood, CA) for examination of which OMAT gene networks differed between treatments. IPA analysis was carried out using all differentially expressed mRNAs (both up-and downregulated).
On/off gene analysis. Independent of the decision-making process outlined above, an analysis into gene activation was performed. In brief, all biological replicates (n ϭ 6) in each group had to have an RPKM Ͼ 0 for a given mRNA transcript for that respective gene to be categorized as turned "on." Likewise, if one replicate had an RPKM of 0 for a given gene, this gene was determined to be "off." This procedure was carried out for obese only, lean only, and obese/ lean together. Additionally, it was then determined the number of activated genes unique to each condition, respectively.
Bioinformatics of RNA-seq data. In an attempt to utilize IPA to its fullest potential, three separate gene lists were entered into IPA. The three gene lists included mRNAs that met all of the aforementioned filters and are as follows: 1) up-and downregulated obese mRNAs, 2) only upregulated obese mRNAs, and lastly 3) only downregulated obese mRNAs. We present the top identified and clustered mRNA networks for each of the three analyses (Figs. 3-5 ). The reason for this was to produce higher scoring and more complete gene networks highlighting the important functional differences between obese and lean omental adipose transcriptomes. Additionally, GO Consortium database was used to generate transcript lists of relevant biological functions. DAVID bioinformatics resource was used to further provide in-depth understanding of the biological themes in our gene set (28) .
Quantitative real-time polymerase chain reaction for RNA-seq validation. For quantitative real-time polymerase chain reaction (qRT-PCR), 5 g of RNA was reverse transcribed by adding RNA to the transcription reaction mixture (nuclease-free water, ImProm-II 5X reaction buffer, MgCl2, dNTP mix, and ImProm-II reverse transcriptase), and cDNA was synthesized. The master mix [nuclease-free H 2O, gene-specific forward and reverse primers (Sigma-Aldrich, St. Louis, MO) and Fast SYBR Green (Applied Biosystems, Carlsbad, CA)] and 100 ng of cDNA were assayed using the ABI 7500 Fast Sequence Detection System (Applied Biosystems). Primer sequences are shown in Table 1 . Results were quantified using the delta delta cycle threshold (ddCt) method with GAPDH as the housekeeping gene. Raw Ct values for GAPDH did not differ between groups (P ϭ 0.77), indicating that GAPDH mRNA was an appropriate normalizer.
Adipocyte sizing and CD68 immunohistochemistry. Hematoxylin and eosin-stained paraffin-fixed sections of OMAT were used to determine adipocyte size. For quantification, sections were photographed (3-5 fields of view per animal) with an Olympus BX43 light microscope and Olympus SC 100 camera using the ϫ10 objective. Adipocyte cross-sectional area was obtained from perimeter tracings of all adipocytes within a field of view using ImageJ software [National Institutes of Health (NIH), Bethesda, MD]. A modified method from Johnson et al. (31) was used to perform immunohistochemistry for CD68 on formalin-fixed paraffin-embedded OMAT slides. Prior to the staining protocol, slides were deparaffinized in xylenes and hydrated to water through graded alcohols. Slides were steamed in 1ϫ retrieval solution (10X Dako target retrieval solution, Carpinteria, CA) for 30 min to efficiently achieve antigen retrieval and then cooled for 20 min at room temperature. Tissues were quenched with 3% H 2O2 (Sigma Aldrich) for 5 min, blocked with Avidin/Biotin (Vector Laboratories, Burlingame, CA) for 15 min, and protein blocked (Dako Protein Block Serum-Free) for 2 h. Sections were incubated overnight at 4°C with primary goat polyclonal IgG anti-CD68 (Santa Cruz Biotechnology, Santa Cruz, CA) antibody at 1:50 dilution. Following appropriate washing steps, slides were incubated in biotinylated anti-goat secondary antibody (Dako LSABϩ System-HRP) for 30 min at room temperature. Streptavidin-HRP label (Dako LSABϩ System-HRP) was applied to sections for 30 min. Diaminobenzidine (Dako Liquid DABϩ Substrate Chromogen System) was applied for 10 -30 min followed by application of DAB enhancer for 5 min at room temperature to allow for visualization of CD68 
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RESULTS

General characteristics.
Over the course of the study, lean pigs consumed an average of 550 g of food per day, whereas the Western diet-induced obese pigs averaged 1,200 g of their respective food per day. As previously reported (55) , at the end of the 16 wk experimental period, obese pigs were significantly heavier (47.1 kg vs. 25.1 kg) and had an increased body fat percentage (30.2% vs. 20.4%) when compared with lean pigs (Fig. 1A) . Consistent with an increase in body fat, there was evident adipocyte hypertrophy in obese OMAT compared with lean OMAT demonstrated by a statistically significant (P Ͻ 0.05) increase in average adipocyte area (Fig. 1, B-D) . In addition, fasting serum glucose, insulin, and blood lipids have previously been reported in these animals (55) , with values indicating hyperinsulinemia and dyslipidemia in the obese pigs. No significant differences existed between groups in the concentrations of serum cytokine/chemokines measured ( Table 2) .
Quantification of expressed transcript differences between obese and lean. On average, 27.9 million total sequencing reads were recorded for each OMAT sample, and the mean number of total reads that matched successfully to our custommade reference list was 24.8 million or 89%. The overall numerical values for 1) all transcripts, 2) known transcripts, and 3) unknown transcripts are presented in Fig. 2 . On average, obese OMAT samples had 51,118 genes turned on (expressed mRNA transcripts), of which 21,763 were known and 29,355 were unknown, while lean samples had 37,211 genes turned on (expressed mRNA transcripts) with 17,223 known and 19,988 unknown. This difference equates to a 37% increase in genes that were turned on (mRNA transcript number) in obese Table 3 and include: cytochrome P450, family 4, subfamily B, polypeptide 1 (CYP4B1), Contig 17371 (unknown), myosin IXA (MYO9A), LRRN4 COOH-terminal like (LRRN4CL), myeloid/lymphoid or mixed-lineage 2 (MLL2), G protein-coupled receptor 35 (GPR35), platelet-derived growth factor receptor, alpha polypeptide (PDGFRA), Contig 57707 (unknown), NKF3 kinase were assessed and had to be Ͼ0 for all biological replicates in both groups, obese and lean, for inclusion in this analysis. No additional filtering or statistical analyses were performed on above values. A: all transcripts analyzed (RPKM Ͼ 0, both known/annotated and unknown/nonannotated). B: annotated transcripts for which identity is known. C: nonannotated transcripts for which identity is unknown. family member (PEAK1), activating transcription factor 3 (ATF3), Kruppel-like factor 11 (KLF11), transmembrane protein 245 (TMEM245), MT-RNR2-like 8 (MTRNR2L8), 2=-5=-oligoadenylate synthetase 1 (OAS1), and V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog (MAFF). It is noteworthy to mention that two common obesity-associated genes, adiponectin and leptin mRNA, were excluded because they did not meet our filtering criteria, indicating that their transcript levels were not statistically different in the OMAT of the lean and obese pigs. mRNA expression for adiponectin and leptin was also assessed by qRT-PCR, with leptin mRNA expression tending to be elevated in the OMAT of the obese pigs (P ϭ 0.053, Fig. 3 ). Table 3 also includes the top 15 downregulated (fold change below lean) mRNAs in obese OMAT, which are: glutamateammonia ligase (GLUL), homeobox B6 (HOXB6), phosphatidylinositol transfer protein, membrane-associated 2 (PITPNM2), RAS protein activator like 2 (RASAL2), Contig 107117 (unknown), Contig 117398 (unknown), insulin-induced gene 1 (INSIG1), ZMYM6 neighbor (ZMYM6NB), coagulation factor five (F5), Contig 43106 (unknown), hyperpolarization-activated cyclic nucleotide-gated potassium channel 2 (HCN2), Contig 56089 (unknown), acetoacetyl-CoA synthetase (AACS), putative uncharacterized protein FLJ37770-like (LOC100506127), and serpin peptidase inhibitor, clade 1 (SERPINI1). We performed qRT-PCR on several of these genes to help confirm our RNA-seq findings of up-and downregulated transcripts, including reflected changes in TMEM245, KLF10, KLF11, HDAC3, OAS1, GLUL, INSIG1, F5, AACS, and RBP1 (Fig. 3) .
IPA analysis including networks, canonical pathways, and biological functions. The top-scoring IPA network inclusive of both up-and downregulated mRNAs for obese animals (Fig. 4) had a score of 38 and included 24 mRNAs. IPA-identified top function(s) based on an algorithm that aggregates genes from our dataset based on known relationships in the Ingenuity knowledge base of this network include: 1) "cardiovascular system development and function," 2) "embryonic development," and 3) "organismal development." The following mRNAs were all upregulated in obese OMAT in this network:
ASNS, ATF3, BTC, EFNA5, ETV6, FBXO32, LOXL1, MLL2, NOC2L, and REST. The following mRNAs were downregulated: DDB2, FBXW11, HDAC3, HELZ, MEF2D, MTA1, NPTXR, OGT, ORC4, POLR2B, PTPRB, TAF5, XIST, and
ZNF212. The top biological functions were calculated using strongly associated dysregulated molecules from this network and include: 1) cancer (P Ͻ 0.05), 2) cellular development (P Ͻ 0.05), and 3) connective tissue development and function (P Ͻ 0.05). The top canonical pathway identified from the Ingenuity knowledge base that contains a significant number of molecules from our data set is "basal cell carcinoma signaling" [P ϭ 0.005, including genes BMP3 (ϩ1.7-fold in obese), BMP6 (ϩ1.5-fold in obese), PTCH2-␦ (ϩ1.6-fold in obese), WNT16 (Ϫ1.6-fold in obese), and WNT2B (ϩ1.7-fold in obese)].
The functions of the top upregulated network (Fig. 5 ) include 1) "development," 2) "cellular function and maintenance," and 3) "connective tissue development and function" (IPA score ϭ 44). The functions of the top-scoring downregulated network (Fig. 6 ) in obese OMAT are 1) "RNA posttranslational modification," 2) "lipid metabolism," and 3) "small molecule biochemistry" (IPA score ϭ 50). According to DAVID, the top three upregulated functional annotation charts are: 1) aging, 2) growth factor, and 3) positive regulation of developmental process (Table 4) , and the top three downregulated functional annotation charts are: 1) proteinaceous extracellular matrix, 2) protein ubiquitination, and 3) sulfur metabolic process (Table 5 ). Upregulated and downregulated GO gene lists generated within DAVID for the GO categories "biological process," "cellular component," and "molecular function" and the top functions of each category are shown in Table 6 .
Canonical mRNA analysis between obese and lean pigs. When we examined genes that have been commonly associated with obesity, our animals did not show significant changes between obese vs. lean in five functional categories: 1) hypoxia genes [hypoxia-inducible factor, I alpha subunit (HIF-1a) and JNK1/MAPK8-associated membrane protein, variant 2 (JKAMP)], 2) angiogenesis genes [vascular endothelial growth factor A (VEGFA) and matrix metallopeptidase 3 (MMP3)], 3) inflammatory genes [tumor necrosis factoralpha (TNF-␣), toll-like receptor-4 (TLR-4), and triggering receptor expressed on myeloid cells 2 (TREM2)], 4) extracellular matrix genes [collagen, type IV, alpha 1 (COL4A1) and collagen, type IV, alpha 2 (COL4A2)], and lastly 5) proliferation genes [GATA binding protein 2 (GATA2), phosphotyrosine interaction domain containing 1 (PID1), and fat mass and obesity-associated (FTO)]. To confirm the lack of differences in our RNA-seq analyses for several classical inflammation/macrophage markers, qRT-PCR was performed, and we observed no differences between obese and lean OMAT for TGF-␤, TNF-␣, IL-1B, CD68, F4/80, or TLR4 mRNAs (Fig. 7) .
DISCUSSION
In the current study, we describe for the first time Western diet-induced obesity-associated transcriptomic changes within OMAT in juvenile Ossabaw swine. Across species, increased adiposity and proinflammatory events begin the sequelae leading to insulin resistance, Type 2 diabetes, cardiovascular disease, and certain cancers (4, 68) . Our strategy was to analyze OMAT from lean and obese juvenile Ossabaw swine using RNA-seq to uncover novel mRNA changes. The current findings indicate that obesity in juvenile Ossabaw swine is characterized by increases in overall OMAT transcript number and provide novel data describing early transcriptomic alterations that occur in response to excess caloric intake in VAT in a pig model of childhood obesity.
Juvenile Ossabaw pigs fed a Western diet high in fat, fructose, and cholesterol weighed significantly more and had greater % body fat than lean pigs. Consistent with an increase in adiposity, adipocyte hypertrophy was observed in obese OMAT (Fig. 1B) . In addition, we observed 37% more individual transcripts (consisting of known mRNAs and unknown transcripts) in OMAT of obese vs. lean pigs (Fig. 2) , suggesting that an increased number of unique genes are required to produce/maintain the obese phenotype. To our knowledge, no study has previously reported global transcriptional activity (on/off analysis) of VAT in a diet-induced obesity model. Possible explanations for this observation include: 1) activation of more genes due to increased proliferation and expansion of adipocytes, 2) increased mRNAs from the presence of other cell types in obese OMAT and/or, 3) changes in the metabolic phenotype of one or more cell types in adipose tissue (66) . Adipose tissue is a heterogeneous mixture of cell types (including preadipocytes, immune cells, and endothelial cells,) and changes in the number, type, and/or metabolic profile of these cells may be required to accommodate the rapid expansion of adipose tissue, all of which may contribute to our observation of increased transcript number. Future studies are warranted to determine the identity of the unknown transcripts.
The functions of the top-scoring network (inclusive of upand downregulated mRNAs) (Fig. 4) include three types of "development," including cardiovascular system, embryonic, and organismal. The functional implications of the IPA networks imply that OMAT in the obese pigs is undergoing rapid growth and development, as evidenced by the gene expression profiles. Adipose tissue development has been reported to be associated with increased expression of genes involved in extracellular matrix remodeling, proliferation, and angiogenesis (24, 36, 43) . Consistent with these previous findings, our network analysis identified increased expression of genes associated with the extracellular matrix (EFNA5), proliferation (ASNS), and angiogenesis (ETV6) (33, 74) . In addition, while common extracellular matrix proteins such as COL4A1, COLA2, and COL3A1 did not differ between groups, RNAseq identified LOXL1 as being 2.0-fold higher (P value ϭ 0.003) in juvenile obese pigs. Lysyl oxidase-like 1 (LOXL1) is responsible for catalyzing the cross-linking of elastin and collagen, which is required for structural integrity in tissues (44) . In a mouse model of obesity, LOX, an isoform of LOXL1, was stimulated through interactions with HIF1-␣ and has been shown to play a prominent role in adipose tissue remodeling and more notably fibrosis (22) . In terms of vascular development and adaptations to accommodate necessary blood supply, RNA-seq data do not indicate that an increase in vascularity was occurring to the rapidly expanding adipose in the obese swine. In fact, the angiogenic factor vascular endothelial protein tyrosine phosphatase (VE-PTP), homologous to protein tyrosine phosphatase, receptor type, B (PTPRB), was downregulated with juvenile obesity in the current study. VE-PTP is essential for the maintenance and remodeling of blood vessels (5) . Taken together, we speculate that angiogenic signaling is likely attenuated in our juvenile obese Ossabaw pigs, but perhaps by different mechanisms than previous described in the adult obesity literature.
The top-scoring upregulated IPA network's top functions include cellular maintenance, connective tissue development, and embryonic development (Fig. 5) . Several of the upregulated genes have previously been linked to obesity-associated metabolic changes. For example, expression of activated transcription factor 3 (ATF3), a hypoxia-associated gene, was 2.2-fold higher in our obese vs. lean pigs. Increased ATF3 expression has been previously reported in obese adipose tissue and associated with mitochondrial dysfunction (30) . ATF3 also has been shown to function as a transcriptional repressor of saturated fatty acids/toll-like receptor 4 signaling and has been suggested to attenuate obesity-induced macrophage activation (62) . In addition, of the 21 mRNAs included in this network, three members of the bone morphogenetic protein (BMP) gene class were upregulated. BMPs are members of the TGF-␤ family that signal via kinase receptors and intracellular Smad transcription factors. They have been described in various tissues as playing an important role in development and tissue homeostasis (10) . The observed increases in BMP3, ADAMTS5, and CTGF are also consistent with a rapidly growing adipose tissue depot, as these genes have been linked to adipose tissue development and expansion (38, 64, 67) .
We also assessed the top differentially expressed mRNAs between obese and lean animals. Four out of the top 15 upregulated mRNAs (CYP4B1, MYO9A, GPR35, KLF-11) share putative functions of adipose tissue expansion, metabolic syndrome, and immune function. Three of the four mRNAs have roles in cellular expansion, while two of the four are TRANSCRIPTOMIC CHANGES IN OMENTAL ADIPOSE TISSUE FROM SWINE integral in metabolic control. Cytochrome P450 family 4, subfamily B, polypeptide (CYP4B1) is highly expressed in peripheral tissues and has been reported to be involved in the activation of procarcinogens (3) . Expression of CYP4B1 is induced by hypoxia in bladder and lung cancers (47, 50) , as well as by peroxisomal proliferator-activated receptor (PPAR) activation (47) . The potentially hypoxic environment and/or increased PPAR activation associated with the demands of expanding adipose tissue (17) may account for the observed increase in CYP4B1 in the current study. Myosin-IXA (MYO9A) is required for cell migration and radial actin bundle assembly at nascent cell-cell contacts (53) . Recently, MYO9A was discovered to be an important gene for abdominal fat deposition in chickens (76) . Together with our data, this suggests a previously unstudied role for MYO9A in adipose tissue expansion. G protein-coupled receptor 35 (GPR35) is associated with immune regulation and metabolic syndrome (45) . While the immune function of GPR35 continues to be elucidated, it appears to be associated with certain immune cells and is upregulated under proinflammatory conditions, and agonism results in an anti-inflammatory response (69) . Leonard and Chu (42) used a GPR35 agonist in vivo to improve glucose lowering during a glucose tolerance test and reduce free fatty acid plasma levels and in vitro to stimulate glucose uptake in differentiated 3T3-L1 adipocytes. In our study, the increase in GPR35 may reflect changing cell populations in the adipose tissue, an anti-inflammatory response, and/or increasing energy demands of the obese OMAT. Kruppel-like factor 11 (KLF-11) is one of seven known KLFs that is involved with adipocyte biology. It was 2.2-fold higher in obese vs. lean pigs, and KLF-10 was Ͼ1.5 higher in obese OMAT, and both are involved in adipogenesis and metabolic control (9, 12) .
RNA posttranscriptional modification, lipid metabolism, and small molecule biochemistry were identified as the functions in the top down-regulated IPA network. Each of these 3 predicted functions will be discussed briefly. Serine/arginine-rich splicing factor 1 (SRSF1), which is required for the second step of pre-mRNA splicing (13), was Ϫ1.5-fold downregulated in obese pigs, suggesting that obese adipose tissue has lower levels of RNA posttranscriptional modification. In addition, histone deacetylase-3 (HDAC3), which is involved in cellular proliferation, apoptosis, and transcriptional repression, was downregulated in OMAT in obese compared with lean pigs. HDACs are transcription factors that are associated with gene silencing, Biological process  RNA processing  DDX46, FTSJ1, PAPD4, RBM25, SR140, LUC7L3, CPSF6, DUSP11, HNRNPK, IVNS1ABP,  POLR2B, SRRM1, SF3B1, SF3B3  Cellular component  nucleoplasm part  DDX46, OGT, RBM25, SMAD9, SON, TAF5, LUC7L3, CPSF6, HDAC3, IVNS1ABP, POLR2B,  SRRM1, SF3B1, ZFHX3  Molecular function  DNA binding  AEBP1, DBP, NOTCH1, OTUD7B, PRDM10, SMAD9, SON, SP4, TAF15, TAF5, UPF1, LUC7L3,  DDB2, HNRNPK, HDAC3, HOXB6, MBD6, MEF2D, POLR2B, SRRM1, SIM2, TRPS1, ZFHX3,  ZNF131, ZNF211, ZNF267, ZNF333, ZNF527, ZNF688, ZNF689, ZNF771 Upregulated and downregulated gene lists were entered separately. GO, Gene Ontology.
and aberrant expression is often associated with tumor development (57) . Moreover, HDAC3, a transcriptional regulator enzyme that forms a complex with nuclear receptor corepressor (N-CoR) and silencing mediator of retinoic and thyroid receptors (SMRT), is documented to play a role in cellular development, metabolism, and inflammation (35) . Partial regulation of lipid metabolism is controlled via circadian oscillating transcription factors, two of them being D-site-binding protein (DBP) and thyrotroph embryonic factor (TEF), which were both downregulated in the OMAT of obese pigs. Both DBP and TEF have been shown to be transcription factors involved in the circadian activity of PPAR-␣ (18) and, therefore, the subsequent control of lipid metabolism. The function of "small molecule biochemistry" suggested by IPA, although broad, implicates ATP-binding cassette, subfamily B (ABCB1), as playing a role in the downregulated functions in obese pigs. ABCB1 is required for the ATP-dependent transport of phosphatidylcholine across the cell membrane (32) . This finding may suggest that, due to chronic insult with fatty acids, obese pig adipocytes downregulate the mRNA for this receptor in an attempt to spare the transport of additional lipid intermediates into the adipocyte. Adipocyte hypertrophy and the ensuing adipocyte tissue hypoxia have been shown to be involved in adipocyte dysfunction (73) , whose consequent proinflammatory environment is implicated in the development of insulin resistance (21) . Adipocyte hypertrophy was apparent in OMAT in the obese animals, and while several classical hypoxia genes did not differ between lean and obese pigs (HIF1a, etc.), elevations in CYP4B1 and ATF3 are suggestive of an increasingly hypoxic environment. Obesity also has been described as a state of low-grade inflammation (26) . Numerous studies show that adipose tissue has increased numbers of macrophages and various other immune cells in obese rodents and adult humans (34, 72) ; however, it is important to note that adipose tissue inflammation may not always be present in all obese adults (2, 40) . In the current study, IL-6 mRNA was lowly expressed (RPKM Ͻ 1) for both obese and lean swine and did not differ between groups. Furthermore, TNF-␣, IL-1␤, and TLR-4 were not differentially expressed in OMAT between obese and lean animals. Our qRT-PCR results support these RNA-seq findings, where TNF-␣, IL-1␤, and TLR-4 mRNA did not differ between groups, and IL-6 was undetectable in the OMAT of these animals. In addition, immunohistochemical staining for the total macrophage marker CD68 did not differ in the OMAT of lean and obese pigs and F4/80 and CD68 gene expression were not significantly different when assessed either by RNAseq or qRT-PCR. Moreover, plasma and tissue expression levels of inflammatory cytokines that are typically reported to increase with adult obesity (65) did not differ between the lean and obese groups (Fig. 6, Table 2 ). Despite adipocyte hypertrophy in OMAT in the obese animals, these classic proinflammatory genes were not upregulated, collectively suggesting that these genes may not be upregulated until later on in obesity and disease progression. It recently has been reported that overweight children showed little evidence for macrophages or crown-like structures in adipose tissue (63) . This supports our findings in juvenile obese pigs, and we acknowledge that the findings from Tam et al. (63) are in subcutaneous adipose tissue and not omental fat (typically thought to be more proinflammatory), but this may not be that important given recent findings that crown-like structures were present in equal quantities in subcutaneous and omental adipose tissue in obese adults (6) . Moreover, preliminary evaluation in other adipose tissue depots in these animals (subcutaneous and retroperitoneal adipose tissue) suggests similar findings (R. S. Rector, unpublished observations). Overall, our findings suggest a dampened proinflammatory environment precedes the dysregulation in other gene networks (i.e., adipose tissue developmental pathways) in this childhood obesity model.
Our current study is not without limitations. To date, this is the most comprehensive analysis of this sort on adipose tissue from any species, making comparisons across species or developmental periods more difficult. Our study used female pigs, and we acknowledge that potential differences may exist between males and females in regard to adipose tissue metabolism. We also acknowledge that our swine model only developed moderate levels of obesity (30% body fat), which perhaps may account for the paucity of expected changes in OMAT inflammation. However, this body fat percentage corresponds well with increased chronic disease risk factors in U.S. children and youth (20) . It is also a possibility that a dampened inflammatory OMAT may be an evolutionary advantage for the Ossabaw swine, due to its thrifty genotype and propensity to rapidly accumulate adipose tissue. Another possible explanation for the lack of increased OMAT inflammation in obese Ossabaw swine may be the relative young age of the animals; it has been reported that CD16-CD14ϩ (proinflammatory) macrophages are increased in the adipose tissue of older obese Ossabaw animals (16) . These findings would collectively suggest that perhaps our "lack of findings" is more of a juvenile phenomenon rather than a swine versus human one. Finally, another limitation of the current studies is that we did not seek to identify the unknown transcripts in our analyses (e.g., mRNA, noncoding RNA, short hairpin mRNA, or microRNA).
Conclusions
The need for an increased understanding of adipose tissue expansion and the development of obesity in juvenile models analogous to human childhood obesity is warranted by the childhood obesity epidemic. Our study provides a comprehensive summary of novel transcriptional changes occurring in the OMAT of Western diet-induced obese juvenile Ossabaw pigs. Our study provides global insight into the transcriptomic changes in expanding adipose tissue in a childhood model of Western diet-induced obesity. This dataset provides a foundation for better understanding the developmental implications of earlyonset obesity and identifies novel gene targets for future studies.
